Abstract. acetogenins from the annonaceous plant are a fatty acid-derived natural product. chemically synthesized natural acetogenins, such as mucocin (compound 1), jimenezin (compound 2), muconin (compound 4), pyranicin (compound 5) and pyragonicin (compound 6) were investigated. concomitantly, 19-epi jimenezin (compound 3), 10-epi pyragonicin (compound 7) and a γ-lactone (compound 8), which is estimated to be a biosynthetic precursor of acetogenins, were synthesized and investigated. compounds 5 and 6 strongly inhibited, and compound 7 moderately inhibited the activities of mammalian dna polymerases (pols), such as replicative pol α and repair/recombination-related pol β and λ, and also inhibited human dna topoisomerase (topos) i and ii activities. On the other hand, compounds 1-4 and 8 did not influence the activities of any pols and topos. Compound 5 was the strongest inhibitor of the pols and topos tested, and the ic 50 values were 5.0-9.6 µm, respectively. these compounds also suppressed human cancer cell growth with almost the same tendency as the inhibition of pols and topos. compound 5 was the strongest suppressor of the proliferation of the promyelocytic leukemia cell line, hl-60, in human cancer cell lines tested with an ld 50 value of 9.4 µm, and arrested the cells at G1 phases, indicating that it blocks dna replication by inhibiting the activity of pols rather than topos. this compound also induced cell apoptosis. the relationship between the three-dimensional molecular structure of acetogenins and these inhibitory activities is discussed. the results suggested that compound 5 is a lead compound of potentially useful cancer chemotherapy agents.
Introduction
acetogenins are a class of potent bioactive compounds in various plant species in the annonaceae family (1) . these acetogenins are a relatively new class of fatty acid-derived natural products that have a wide range of biological activities, such as cytotoxic, antitumor and immunosuppressive effects (1-3). they are characterized by the presence of one to three
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tetrahydrofuran (thF) rings in the center of a long alkyl chain with a butenolide moiety at the end. Besides such classical types, acetogenins with a tetrahydropyran (thp) ring in the long chain, such as mucocin (compound 1), jimenezin (compound 2), muconin (compound 4), pyranicin (compound 5) and pyragonicin (compound 6) have also been discovered ( Fig. 1 ) (4-7). dna polymerase (pol) catalyzes the addition of deoxyribonucleotides to the 3'-hydroxyl terminus of primed double-stranded dna molecules (8) . the human genome encodes at least 15 pols to conduct cellular dna synthesis (9, 10) . Eukaryotic cells contain three replicative pols (α, δ and ε), mitochondrial pol γ and at least twelve non-replicative pols [β, ζ, η, θ, ι, κ, λ, µ, ν, terminal deoxynucleotidyl transferase (tdt) and rEV1] (9-11).
dna topoisomerases (topos) are key enzymes that control the topological state of dna. type i enzymes act by transiently nicking one of the two dna strands. type ii enzymes nick both dna strands which are atp-dependent and are involved in many vital cellular processes that influence DNA replication, transcription, recombination, integration and chromosomal segregation (12) . dna metabolic enzymes, such as pols and topos, are not only essential for dna replication, repair and recombination, but are also involved in cell division. Selective inhibitors of these enzymes are considered as a group of potentially useful anti-cancer and anti-parasitic agents, because some inhibitors suppress human cancer cell proliferation and have cytotoxicity (13) (14) (15) (16) .
non-classical thp acetogenins have become interesting compounds because of their powerful antitumor activity; thus, total synthesis of the natural and non-natural acetogenins (compounds 1-8 of Fig. 1 ) was achieved (17) (18) (19) (20) (21) (22) (23) (24) (25) . Since mclaughlin et al and mata et al reported that some acetogenins have cytotoxicity against human cancer cell lines (4-7), the purpose of this review is to investigate the biochemical action of the compounds against dna metabolic enzymes such as pols and topos, and to use the compound as an antineoplastic agent.
therefore, we describe the inhibitory activities of chemically synthesized acetogenins against pols, topos and other dna metabolic enzymes, as well as cellular proliferation processes such as dna replication of human cancer cells. the analysis of the relationship between the essential molecular structure and bioactive function of acetogenins shows that acetogenins are an ideal model for the development of new anti-cancer drugs.
2. Effects of acetogenins on mammalian DNA polymerases α, β and λ the structures of the acetogenins (compounds 1-8), which were chemically synthesized, are shown in Fig. 1 . the inhibitory activity of mammalian pols, such as calf pol α, rat pol β and human pol λ, against 10 µm of each compound was investi-gated. For pols, poly(da)/oligo(dt) [12] [13] [14] [15] [16] [17] [18] (a/t = 2/1) and 2'-deoxythymidine 5'-triphosphate (dttp) were used as the dna template-primer and nucleotide (i.e., 2'-deoxyribonucleotide 5'-triphosphates, dntp) substrate, respectively. One unit of pol activity was defined as the amount of enzyme that catalyzed the incorporation of 1 nmol dntp (i.e., dttp) into synthetic DNA template-primers in 60 min at 37˚C under the normal reaction conditions for each enzyme (26, 27) . pol α and pols β and λ were used as representative replicative and repair/recombination-related pols, respectively (8) (9) (10) .
As shown in Fig. 2A , compounds 5 and 6 significantly inhibited the activities of these pols, while compound 8 had no effect. compound 5 showed the strongest inhibition of pol α, β and λ activities in the tested compounds, and 50% inhibition was observed at doses of 5.3, 9.6 and 2.3 µm, respectively. When activated dna (i.e., dna digested by bovine deoxyribonuclease i) was used as the dna template-primer instead of poly(da)/oligo(dt) [12] [13] [14] [15] [16] [17] [18] (a/t = 2/1), the mode of inhibition of these compounds did not change (data not shown).
Effects of acetogenins on human DNA topoisomerases I and II
topo inhibitory activity of acetogenins was then investigated. the relaxation activity of topos i and ii from humans was determined by detecting the conversion of supercoiled plasmid dna to its relaxed form (28) . compounds 5-7 (10 µm), respectively, inhibited the activities of topos dose-dependently, while the other compounds did not (Fig. 2B) . in human topos i and ii, compound 5 showed the strongest inhibition of the tested compounds. topo i and ii inhibitors, camptothecin and etoposide, inhibited the relaxation activities of topos i and ii with ic 50 values of 85 and 70 µm, respectively (28) . therefore, compound 5 was a stronger inhibitor of topos i and ii than camptothecin and etoposide, respectively. these results suggested that the inhibitory activity of acetogenins between mammalian pols and human topos had the same tendency, and the inhibitory effect on pols was almost as strong as that on topos. thus, the mechanism of the inhibitory effect of acetogenins, including compound 5, on cultured human cancer cells was investigated.
Effects of acetogenins on human cancer cell line, HL-60
pols and topos have recently emerged as important cellular targets for chemical intervention in the development of anti-cancer agents. acetogenins therefore are useful in chemotherapy, and the cytotoxic effect of eight compounds against the human promyelocytic leukemia cell line hl-60, derived from a cancer patient, was investigated. the survival rate of cultured human cancer cells was determined by mtt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay (29) .
as shown in Fig. 2c , 10 µm of compound 5 had the strongest growth inhibitory effect on hl-60, while compounds 6 and 7 had the second and third strongest, respectively. at a concentration of 100 µm, compounds 1-7 strongly suppressed cancer cell growth, while compound 8 had no influence (i.e., in order of cytotoxicity observed at a concentration of 10 µm: compound 5 > compound 6 > compound 7 > compound 1 = compound 2 = compound 3 = compound 4 > compound 8). the suppression of cell growth had almost the same tendency as the inhibition of mammalian pols and human topos among the 8 compounds ( Fig. 2a and B, respectively), suggesting that the cause of cancer cell influence involves the activities of pols, including replicative and repair/recombination pols, as well as topos.
Three-dimensional structures of acetogenins
to obtain more information about the molecular basis for differential inhibition spectra exhibited by the acetogenins prepared, computational analyses of compounds 1-8 were performed (Fig. 3 ). acetogenin models were simulated with force-field parameters based on the Consistent Valence Force Field. temperature was set at 298 K. calculations based on simulation images were carried out using insight ii (accelrys inc., San diego, ca, uSa). Electrostatic potentials on the surface of compounds were analyzed by Weblab Viewerlite software (version 3.2; accelrys inc.). . pol activity in the absence of the compound was taken as 100%. data are shown as the mean ± SEm of three independent experiments. (B) Each compound (10 µm) was incubated with human topos i and ii. topo activity in the absence of the compound was taken as 100%. data are shown as the mean ± SEm of three independent experiments. (c) Each compound (10 and 100 µm) was added to the culture of the promyelocytic leukemia cell line hl-60, and incubated for 24 h. the rate of viability was determined by mtt assay (29) . cell viability of the cancer cells in the absence of the compound was taken as 100%. data are shown as the mean ± SEM of five independent experiments. C A B Fig. 3a shows the front view of the three-dimensional structures, from which were calculated energy-minimized compounds. the molecular length 'a' and width 'b' of the three-dimensional structure of the compounds based on Fig. 3a are indicated in table i. compounds tested as acetogenins have a butenolide or γ-lactone moiety at the end. compounds 1-7 also consist of one or two rings, such as thF and/or thp, in the center, but compound 8 has no other rings. Since compound 8 did not influence the activities of pols, topos and hl-60 cell growth, the moiety of thF and/or thp rings of compounds 1-7 may be important for the inhibition of mammalian pols, human topos and human cancer cell growth. the molecular length of compounds 1-7 was ~1.9-fold longer than that of compound 8 (i.e., 33.63-37.76 Å and 19.80 Å, respectively). moreover, the molecular length (33-38 Å) of the compound is essential for these inhibitory activities. compounds 5-7 contain a thp ring in the center of the structure, and the moiety has a slightly V-type shape. compounds 1-4 also have this V-type shape. the width of compounds 5-7 is less than that of compounds 1, 3 and 4, but is larger than that of compound 2 (table i). these results suggested that the width of the three-dimensional structure of compounds 5-7 (i.e., 5.43-5.94 Å) is important for pols, topos and cancer cell growth inhibition. Fig. 3B indicates that a comparison of the electrostatic potential surfaces of the acetogenins revealed a difference in their overall disposition and affinity. The electrostatic potential at each point on a constant electronic density surface (approximating the van der Waals surface for each arrangement) is represented graphically, with red corresponding to regions where the electrostatic potential is most negative, and blue corresponding to the most positive regions. as shown in Fig. 3B , compounds 5-7 have four hydroxyl groups, and compound 5 has the same three-dimensional position of these groups as compound 6, supporting the enhancement of the negative and positive electrostatic potential on O and h atoms Energy-minimized three-dimensional compounds 1-8 were prepared using insight ii (accelrys). the length and width of the molecular structure are indicated as 'a' and 'b', respectively in Fig. 3a. A B of the -Oh group, respectively. the other compounds are markedly different from compounds 5 and 6. these results suggested that the three-dimensional position of hydrophobicity, such as the hydroxyl group, was essential for the inhibitory activities of pols, topos and cancer cell growth.
Effects of compounds 5 on DNA metabolic enzymes
Since compound 5 had the strongest bioactivity of the acetogenins investigated, this review focuses on compound 5 in the latter part. as shown in in the dna metabolic enzymes tested, compound 5 also inhibited the activities of human topos i and ii with ic 50 values of 5.0 and 7.5 µm, respectively (table ii). this compound did not inhibit the activities of the other dna metabolic enzymes tested, including calf primase of pol α, t7 rna polymerase, t4 polynucleotide kinase and bovine deoxyribonuclease i.
to determine whether the inhibitor resulted in binding to dna or the enzyme, the interaction of compound 5 with double-stranded dna (dsdna) was investigated based on the thermal transition of dsdna with or without the compound. the melting temperature of dsdna with an excess amount of compound 5 (100 µm) was measured using a spectrophotometer equipped with a thermoelectric cell holder. in the concentration range used, no thermal transition of the melting temperature was observed. in contrast, when ethidium bromide, a typical intercalating compound, was used as a positive control a clear thermal transition was produced. these observations indicated that compound 5 did not intercalate to dna as a template-primer; thus, the compound directly binds to the enzyme and inhibits its activity.
these results suggested that compound 5 is a potent and selective inhibitor of animal pols and human topos. consequently, the mechanism of the inhibitory effect of compound 5 on human cancer cells was investigated.
Effects of compound 5 on cultured human cancer cells
The growth suppression specificity of human cancer cell species by compound 5 was investigated (table iii). this compound inhibited the growth of the cancer cell lines tested, and the range of ic 50 values was 9.4-16.1 µm. the inhibitory effect on non-adherent cell lines, such as Ball-1 and hl-60, was approximately 1.5-fold stronger than that on other adhering cell lines. the inhibitory effect of the 48-h culture was as strong as that of the 24-h incubation. the ld 50 values of compound 5 for cancer cell growth were almost the same as the ic 50 values for pols and topos. therefore, this compound may penetrate cancer cells and reach the nucleus, inhibiting the activities of pols and topos. moreover, the inhibition of enzyme activities by compound 5 may lead to cell growth suppression. Since compound 5 was the strongest cell growth inhibitor of hl-60 in the human cancer cell lines tested, this cell line was examined in the latter part of this review.
Effects of the influence on HL-60 cells by compound 5
the cell cycle distribution of compound 5-treated hl-60 cells was investigated. as shown in Fig. 4 , the cell cycle fraction was recorded after 12 and 24 h of treatment with the ld 50 value of the compound (i.e., 9.4 µm). consequently, among cells treated with compound 5 for 12 h, the population of cells in the G2/m phase increased (9.6-15.2%), the percentage of plant dna polymerases cauliflower dna polymerase i (α-like) >200 cauliflower dna polymerase ii (β-like) >200
prokaryotic dna polymerases E. coli dna polymerase i (Klenow fragment) >200 taq dna polymerase >200 t4 dna polymerase >200
Other dna metabolic enzymes calf primase of dna polymerase α >200 t7 rna polymerase >200 human dna topoisomerase i 5.0±1.5 human dna topoisomerase ii 7.5±2.0 t4 polynucleotide kinase >200 Bovine deoxyribonuclease i >200 compound 5 was incubated with each enzyme. Enzymatic activity in the absence of the compound was taken as 100%. data are shown as the means ± SEm of four independent experiments. cells in the S phase decreased from 42.1 to 34.5%, and the G1 phase was not affected. these results suggested that the actions of this compound blocked the G2/m phase in hl-60 cells. Following 24 h treatment of compound 5, the cell population in the G1 phase significantly increased from 48.3 to 75.6%, but the S phase decreased (42.1-13.1%). dehydroaltenusin, a specific pol α inhibitor, inhibited the cell cycle in the G1 phase, including the early S phase (30), while classical topo inhibitors, such as etoposide, arrested the cell cycle at the G2/m phase (31) . therefore, compound 5 is more effective in the inhibition of pols than topos in the 24-h cell incubation, although compound 5 inhibited the activities of mammalian pols and human topos, and the inhibitory effect on topos (ic 50 values 5.0-7.5 µm) was almost the same as that for pols (ic 50 values 2.3-15.8 µm) in vitro (table ii) . to examine whether the decrease in cell numbers caused by compound 5 was due to apoptosis, dna fragmentation was analyzed by electrophoresis. dna ladder formation was dose-dependently observed in hl-60 cells treated with the ld 50 value of the compound (i.e., 9.4 µm), and ladders were apparent at 3 h (Fig. 5) . these results suggested that apoptotic effects were evident in the cells, and the effect of the compound must involve a combination of growth arrest and cell death.
Discussion
most acetogenins exhibit potent and selective in vitro anti-tumor activities. For example, compound 1 (mucocin) reportedly shows significant inhibitory activities against a-549 (lung cancer) and paca-2 (pancreatic cancer) solid tumor lines (32) . as the main mode of action, blockage of the mitochondrial nadh-ubiquinone oxidoreductase in complex i, which is a membrane-bound and essential enzyme for atp production, is discussed (32) . Furthermore, these natural products were shown to inhibit a ubiquinone-linked nadh oxidase found in the plasma membrane of specific tumor cell lines, including some which show multidrug resistance (33) . however, research on the inhibition of acetogenins against pol and topo activities is limited, probably due to the small quantities of natural products. Since the total synthesis of bioactive acetogenins, such as compound 5, is possible (17) (18) (19) (20) (21) (22) (23) (24) (25) , these compounds should be provided and studied in pharmaceutical research throughout the world. compound 5 directly inhibited animal pol and human topo activities (table ii), but did not bind to dna. these observations suggested some structural similarity between the enzymes at the compound 5 binding site, although the characteristics of pols and topos, including their modes of action, amino acid sequences and three-dimensional structures, are markedly different. We previously reported that several inhibitors, long-chain fatty acids (26, 27) and triterpenoids (34,35) of mammalian pol β also inhibited topo ii activity. the two enzymes had a structural homology at the dna-binding site (36) (37) (38) . moreover, the dna-binding site of long-chain fatty acids on the pol was the same domain (i.e., n-terminal 8-kda domain of pol β) as that of triterpenoids (36, 39) ; therefore, compound 5 was expected to have similar characteristics. pols and topos have recently emerged as important cellular targets for chemical intervention in the development of anti-cancer agents. therefore, information concerning the structural characteristics of these inhibitors may provide valuable insight for the design of new anticancer agents.
in acetogenins, the molecular length and width, as well as the surface area of the neighboring negative and positive charges are regarded as important for mammalian pol inhibition, human topo inhibition and human cancer cell cytotoxicity. continuing computer simulation analyses, however, will result in more effective pol and topo inhibitors than compound 5.
Conclusion
chemically synthesized acetogenins inhibited the activities of mammalian pols, human topos and human cancer cell growth. in particular, compound 5 (pyranicin) showed the strongest inhibition of the tested acetogenins, and it was revealed that the inhibition of pol and topo activities by compound 5 influenced not only cell proliferation but also the cell cycle and apoptosis induction. therefore, compound 5 is the lead compound of potentially useful cancer chemotherapy agents.
